Aim To determine differences in metal and metalloid exposure between residents of areas in eastern Croatia exposed to heavy fighting during the war in Croatia and residents of areas exposed to moderate fighting.
Results Compared with participants from areas exposed to moderate fighting, participants from areas exposed to heavy fighting had significantly higher serum concentrations of Al (87.61 vs 42.75 μg/L, P = 0.007), As (5.05 ± 1.79 vs 4.16 ± 1.55 μg/L, P = 0.003), Ba (7.12 vs 6.01 μg/L, P = 0.044), and V (17.98 vs 16 .84 μg/L, P = 0.008); significantly higher urine concentrations of As (43.90 vs 11.51 μg/L, P < 0.001) and Cd (0.67 vs 0.50 μg/L, P = 0.031); and significantly higher hair concentrations of Al (12.61 vs 7.33 μg/L, P < 0.001), As (0.32 vs 0.05 μg/L, P < 0.001), Cd (0.03 vs 0.02 μg/L, P = 0.002), Fe (22.58 vs 12.68 μg/L, P = 0.001), Pb (1.04 vs 0.69 μg/L, P = 0.006), and V (0.07 vs 0.03 μg/L, P < 0.001).
Conclusion Differences between populations from eastern Croatian areas exposed to heavy and populations exposed to moderate fighting point to the need for extensive monitoring of metal and metalloid exposure, emphasizing the role of biomonitoring through ecologic and preventive activities.
Until recently, in Croatia only food and water have been analyzed for the presence of heavy metals and other toxic elements (1) (2) (3) (4) (5) . These studies revealed higher than allowable concentrations of toxic metals/metalloid like arsenic (As), cadmium (Cd), mercury (Hg), and lead (Pb) in food products originating from different Croatian counties, in freshwater fish and brassicas from the Zagreb area, and As, Cd, copper (Cu), chromium (Cr), iron (Fe), radium (Ra), uranium (U), and vanadium (V) in water wells in Osijek urban and rural area, which pointed to the need for metal exposure biomonitoring. Such biomonitoring offers an opportunity to define and evaluate the population groups at high exposure and to develop strategies to reduce future exposure (6) .
In addition, heavy fighting that took place in Croatia from 1991 to 1995 possibly exposed populations in these areas to excess levels of metals. This points to the need of conducting comprehensive research in order to understand possible long-term consequences of war on population health. Evidence suggests that military action can contaminate the environment with metals (7) . Also, lead exposure in professional firearm instructors has been linked to their work with firearms (8, 9) . Nevertheless, few studies have directly examined long-term effects of metal contamination in the environment following military activity.
Combat activities during the 1991-1995 war in Croatia were most intensive in the eastern part of the country, causing heavy casualties and destruction. The environmental consequences of these military operations have not been well studied (10) . The establishment of a military defense headquarters in the eastern Croatian city of Osijek was associated with continuous direct exposure of soldiers and civilians to explosive devices and various contaminants, metals in particular (11, 12) . Indeed, the predominant use of mines and explosive devices during the 1991-1992 war period points to the need of identifying the long-term health effects in soldiers and civilians wounded by these devices (13) . The possible association of carcinogenesis with metals and metal alloys used in modern weaponry has been examined in a few studies (14) (15) (16) . Aluminum (Al), Cd, Cu, and Pb are associated with bombs, Cu with automatic small weapons, and Al, As, Ba, Cd, Cr, Cu, Fe, Ni, Pb, U, V, and Zn with tank shells (7) . Epidemiological studies in occupationally exposed humans, mostly retrospective, have demonstrated that As, Cd, Cr, Ni, and Pb are carcinogens. Exposure to compounds of these metals has been shown to correlate with increased incidences of cancer, such as lung cancer (As, Cr, Ni, Pb), skin cancer, bladder cancer, and cancer of lymphatic and hematopoietic systems (As), prostate cancer (Cd), cancer of the nasal sinuses (Ni), and stomach cancer (Pb). Other weapons-related metals (V, Fe) have been classified as possible carcinogens. In addition, excessive exposure to some metals has been clearly linked to specific conditions like renal intoxication, hypertension, cardiac malfunction (Ba), and liver and kidney damage (Cu). In the case of Zn and U, little or no evidence exists of adverse effect on humans (17, 18) .
Studies performed in Croatia have suggested a connection between metal exposure and 1991-1995 war actions. Metal monitoring in the Drava river, which has been regularly conducted since 1976, showed that concentrations of Pb, Cd, and Hg increased in the river water during the war period (19) . A study performed in 2002 in Baranja, found the concentrations of these three metals in deer kidney samples to be far above the allowed levels, especially in older animals (20) .
The aim of our study, designed to be scaled up in the future, was to determine levels of metals and metalloid As derived from explosive devices in adult populations in former combat areas of eastern Croatia, and to compare the levels measured in areas of heavy and moderate fighting.
MethoDS

Participants
In this cross-sectional study, sample collection was carried out in three, 3-day phases in June 2007, November 2007, and June 2008, in former combat zones throughout the eastern part of Croatia (Osijek-Baranja county, Eastern Slavonia). The position of Osijek-Baranja county and the study sites selected for this investigation are shown in Figure 1 . Study sites were selected from the areas exposed to moderate and from the areas exposed to heavy combat, as well as from the areas situated in the Drava depression and from the areas situated on the central plateau, ie, at higher or lower altitude. All sites lay along a horizontal line running through Osijek-Baranja county and belonged to one hydraulic system (21) . The study sites of Dalj, Vladislavci, and Našice were chosen, respectively, as the most eastern, central, and most western locations on the elevated central plateau; Osijek was chosen as part of the Drava depression; and Čepin, as a central point on the intersection of the Osijek-Vladislavci longitudinal and Našice-Dalj latitudinal lines, as well as a border area between the Drava depression and central plateau.
Čepin, Osijek, and Vladislavci were considered areas of heavy fighting. Located on or close to the front line during the war, they were exposed to continuous heavy artillery fire for more than 3 months (22, 23) . Dalj was not as heavily bombed, but there was intensive close combat with small arms, it remained under enemy occupation for a long time, and it held many arms storage sites. Našice, as the town away from the front line, was categorized as a place of moderate fighting, because it was only occasionally shelled. These categorizations are supported by data on the number of wounded and killed children and adult civilians, as well as the ratio of killed-to-wounded in hospitals in the respective areas (24-26).
Questionnaire data and samples of hair, blood, and urine were collected from 391 participants randomly selected from patient databases of family medicine practices in the Croatian national health system. Inclusion criteria were age 18 or older; residence in the study location before, during, and after the war period, excluding a possible refugee period of up to 6 months; and absence of clinical conditions connected to excessive metal exposure, like the kidney, liver, pulmonary, neurologic diseases, or cancer.
For financial reasons, a subset of 173 participants (44% of the original sample) was randomly selected using SPSS, version 12.0.0 (SPSS Inc., Chicago, IL, USA The study was approved by the ethics committee of the School of Medicine, Josip Juraj Strossmayer University of Osijek. The purpose of the study was explained to each participant, after which they voluntarily provided written informed consent.
Questionnaire data collection
Using a questionnaire specifically designed for this study, trained staff conducted structured interviews with participants. The questionnaire was used to collect data on age, sex, smoking, alcohol consumption, current residence, possible occupational metal exposure (metal industry, smelter, gas station workers, farmers), and household metal exposure (residence near industrial plants, gas stations, dump sites, heavy traffic roads), participation in war, wound history, and residence during and after the war.
Biological sample collection, sample treatment, and analysis
After the interview, a spot urine sample was collected from each subject by a nurse or medical technician into a urine collection container (100 mL, Greiner Bio-One, Frickenhausen, Germany). A blood sample of at least 3 mL was also obtained from each subject (Vacuette Blod Collection Needle, 38 × 0.9 mm, and Vacuette Serum Gel Tube 3.5 mL, Greiner Bio-One). Serum was separated from the blood on the same day (Cryotube, 3.8 mL, TPP, Trasadingen, Switzerland). A hair sample approximately 1 cm wide and 3 cm long was obtained from each participant from the occipital area of the head, adjacent to the scalp, using stainless steel scissors and polyethylene bags. If the hair was short, several hair cuts from the same head area were combined.
Biological samples were transported in a portable refrigerator to the Public Health Institute in Osijek, where they were stored in a refrigerator. At the end of each sampling stage, the collected samples were transported to the Laboratory of Inorganic Chemistry, Faculty of Chemical Engineering and Technology, University of Zagreb. Complete analysis of the biological samples was performed by inductively-coupled plasma mass spectrometry.
Serum and urine samples were defrosted, and an aliquot of 0.5 mL was removed and mixed with nitric acid (1% v/v, 10 mL). The sample was dried in a microwave oven, transferred to a flask, and analyzed by inductively coupled plasma mass spectroscopy (ICP-MS, ELAN DRCe, Perkin Elmer, Waltham, MA, USA). Hair was washed in distilled water, soaked for one hour in acetone, rinsed in deionized water, and left to dry at room temperature for 24 hours. Afterwards, the samples were cut into pieces by stainless steel scissors. To hair samples of 0.1 g, nitric acid (65% v/v, 1 mL) was added. Samples were dried in a microwave oven, transferred into a flask and, after addition of deionized water, analyzed by ICP-MS.
All samples were analyzed according to the element determination procedure by ICP-MS (27) . Operating conditions of the ICP-MS were: RF power, 1300 W; plasma gas flow, 15 L/min; auxiliary gas flow, 1 L/min; nebulizer gas flow, 0.93-0.98 L/min; peristaltic pump speed, 1 mL/min; and nickel sampler/skimmer cones. Polyatomic interferences with such elements as Fe, As, and Cr were eliminated with an instrumental dynamic reaction cell using reactive gas methane (CH 4 
Statistics
Normality of data distribution was tested with the SmirnovKolmogorov test. The χ 2 test was used to determine differences in the distribution of qualitative variables, and differences in quantitative variables were tested with the non-parametric Mann-Whitney test or the parametric t test, depending on whether the data were normally distributed or not. The non-parametric Spearman rank correlation test was used to investigate the relationship between concentrations of As, Cd, and Pb in serum, urine, and hair of smokers and non-smokers and between participants with and without occupational exposure to metals. Correlations with a Spearman correlation coefficient (ρ) higher than 0.600 were considered strong and those with a Spearman correlation coefficient ranging from 0.300 to 0.599 were considered medium (28) . Statistical analyses were performed with SPSS, version 12.0.0. Comparison of the correlation coefficients was conducted by zstatistics using MedCalc 11.3 (MedCalc Software, Mariakerke, Belgium; www.medcalc.be). In all statistical analyses, two-sided P values of 0.05 were considered significant.
ReSuLtS
Samples from 173 participants were analyzed, 127 (73%) from areas of heavy fighting and 46 (27%) from areas of moderate fighting. The two groups' responses on the questionnaire are shown in Table 1 . Two groups did not differ significantly in smoking habits or rates of household metal exposure, but did differ significantly in age, sex distribution, and rates of occupational exposure.
To evaluate possible confounding factors, levels of metals were compared between various subgroups from areas of heavy fighting (total n = 127); the subgroups were defined according to age, sex, wound infliction, household exposure, and occupational exposure. Concentrations determined in urine are indicated with "_u, " in hair with "_h, " and in serum with "_s. " Significantly higher concentrations of Cd_ u (P = 0.006) were found in participants older than 45 years (n = 69) than in younger participants (n = 58). Significantly higher concentrations of Fe_s (P = 0.045), Cd_u (P = 0.016), Pb_u (P = 0.026), Zn_u (P = 0.001), As_h (P = 0.000), Cd_h (P = 0.034), Pb_h (P = 0.001), and V_h (P = 0.000) were found in men (n = 88) than in women (n = 39). Wounded participants (n = 43) had significantly higher Al_s concentrations (P = 0.035) than non-wounded ones (n = 84); participants exposed due to the location of their residence (n = 52) had higher As_s (P = 0.019) and Cu_s (P = 0.022) concentrations than participants who were not (n = 75); occupationally exposed participants (n = 62) had higher As_s (P = 0.002), Cd_s (P = 0.007), Cu_s (P = 0.036), and As_h (P = 0.040) con- centrations than unexposed participants (n = 65). Element concentrations were compared between farmers (n = 5) and non-farmers (n = 122). Differences were not significant for any of the elements regardless of sample (urine, hair, serum), with the exception of Fe_s, which was significantly higher in non-farmers.
Correlations between smoking and occupational exposure and element concentrations in samples were also analyzed. In smokers, positive strong correlations (n = 69) were found between As_s-As_u, As_s-As_h, As_u-As_h, and Cd_ h-Pb_h and medium correlations between As_h-Cd_h. In non-smokers (n = 104), positive strong correlations were found between As_u-As_h and Cd_h-Pb_h and medium correlations between As_s-Cd_s, As_s-As_u, As_u-Cd_u, and As_h-Cd_h (Table 2) . Table 3 shows the correlations between metal concentrations in participants with occupational exposure (n = 75) and participants without it (n = 98). In participants with occupational exposure, a strong correlation was found between Cd_h-Pb_h and medium correlations were found between As_s-As_u, As_s-As_h, As_u-Cd_u, As_u-Cd_h, Cd_u-Pb_u, As_h-Cd_h, and As_h-Pb_h. Among participants without occupational exposure, strong correlations were found between As_u-As_h and Cd_h-Pb_h, and medium correlations between As_s-Cd_s, As_s-As_u, and As_ u-Cd_u.
Comparison of all estimated correlation coefficients between smokers and non-smokers and between participants with and without occupational exposure revealed significantly higher correlation coefficients between As_ s-As_u (P = 0.004), As_s-As_h (P = 0.001), and As_u-As_h (P = 0.02) in smokers than in non-smokers. The correlation coefficient between As_u-Cd_h was significantly higher (P = 0.03) in participants with occupational exposure than in participants without it. Participants from areas of heavy fighting had significantly higher serum levels of Al, As, Ba, and V than participants from areas of moderate fighting (Table 4) . However, participants from areas of moderate fighting had significantly higher serum levels of Cr and Ni than participants from areas of heavy fighting.
Participants from areas of heavy fighting had significantly higher urine concentrations of As and Cd than participants from areas of moderate fighting (Table 5 ). On the other hand, none of the studied elements was present at higher urine concentrations in areas of moderate fighting than in areas of heavy fighting. Hair concentrations of Al, As, Cd, Fe, Pb, and V were significantly higher in participants from areas of heavy fighting than in participants from areas of moderate fighting (Table  6 ). An unexpected finding was a significantly higher concentration of U in the hair of participants from areas of moderate fighting than in participants from areas of heavy fighting.
DISCuSSIoN
We found significant differences in metals/metalloid concentrations in biological samples between adult populations in eastern Croatia that had experienced heavy and those that had experienced moderate fighting during the 1991-1995 war. Currently, there are no internationally recommended reference values for exposure to the metals analyzed in this work. Nevertheless, the concentrations of most elements investigated in the present study exceeded the reference ranges recommended by particular authors (17, 31, 32) . To the best of our knowledge, this is the first study relating elevated concentrations of metals and metalloids in human samples to previous armed activities and war actions.
The strengths of this study lie in the fact that three different biological samples were analyzed from each participant, and the analysis was performed using ICP-MS, a remarkably powerful method for (ultra)trace element determinations (29, 30, 33) . Superior to other methods, ICP-MS has extremely low limits of detection for various elements, wide multielement capability, and high sample throughput. The method allows simultaneous detection of a large number of elements in small samples and differentiates between different isotopes of the same element (18, (34) (35) (36) (37) .
Serum concentrations of Al, As, Ba, and V were higher in participants from areas of heavy fighting than in participants from areas of moderate fighting. These results are in accordance with the previously established association between these elements and heavy artillery projectiles (7), and they indicate extensive and indiscriminate use of heavy artillery during the war in Croatia, especially by the Yugoslav Army. The fact that the elevated serum concentrations of these elements in our participants have persisted to the present, almost two decades after the outbreak of war, suggests that the populations living in areas of heavy fighting may still be exposed to residual metal contamination from heavy artillery ammunition.
As and Cd were the only two elements that showed higher urine concentrations in participants from areas of heavy fighting than in participants from areas of moderate fighting. As urine concentrations are indicators of acute exposure, these findings suggest that the level of contamination with most of the metals and the metalloid under study has decreased with time.
Hair concentrations of Al, As, Cd, Fe, Pb, and V, all of which are associated with bombs and heavy artil- lery ammunition, were higher in participants from areas of heavy fighting than in participants from areas of moderate fighting. These findings confirm hair as a useful indicator of long-term metal exposure, making it a valuable matrix for use in biomonitoring studies, as reported by other authors (29, 32) . Low U concentration in the hair of participants from areas of heavy fighting confirmed the assumptions that depleted-uranium weapons were rarely used or not used at all in the 1991-1995 war in Croatia (23, 38, 39) .
Unexpectedly, participants from areas of moderate fighting showed higher serum concentrations of Cr and Ni and higher U concentrations in hair. Cr and U exposure may be related to cement industry, which is present in the studied areas (17, 40) . Non-warfare sources of Ni exposure are unclear, since there are no mining, steel, or electroplating production industries in this area (17, 18) .
Since some authors have demonstrated an effect of Co, Ni, and U from embedded shrapnel on genotoxic and tumorigenic pathways (14-16), we considered wounding as a possible confounding factor in our study. When we compared levels of metals in wounded participants from areas of heavy fighting with non-wounded participants from the same areas, only one element (Al) in one matrix (serum) was found to be significantly higher in wounded participants. Therefore, we believe that different proportions of wounded participants from areas of heavy and moderate fighting can be excluded as a confounding factor.
A larger proportion of participants from areas of heavy fighting than of participants from areas of moderate fighting was at risk for occupational exposure. Although we did not find higher concentrations of any studied element among farmers compared with non-farmers, we cannot exclude pesticide as a confounding factor due to the small number of farmers in our subgroup of participants with occupational exposure. The differences in serum As, Cd, and Cu concentrations and hair As concentrations between participants with and without occupational exposure may be caused by confounding factors.
We also investigated correlations between the elements usually connected with occupational exposure and smoking. It is unlikely that As, Cd, and Pb had a significant confounding influence on our results: the coefficients for these metals were similar between participants with and without occupational exposure, as well as between smokers and non-smokers. One exception is As, for which significantly stronger correlations between sample matrices were found in smokers than in non-smokers, as expected. Nevertheless, since the percentage of smokers is similar in the groups from areas of moderate and heavy fighting, it seems less likely that smoking affected the overall results.
A limitation of the study is the small sample size. This made it impossible to estimate age, sex, and occupational exposure differences between the groups. Participants from areas of heavy fighting were older and more often male than participants from areas of moderate fighting. This makes sense given the predominance of men among war veterans and the war wounded. Another limitation is that this study did not consider all possible contributions from noncombat factors, such as variations in the concentrations of metals and metalloids in drinking water, local hydrogeologic characteristics, and exposure from local industry (17, 18, 40, 41) .
Future scale up of this small-scale study, including a larger number of participants, may help us to verify the results and possibly detect additional important differences, to establish national and international reference values, comprehensively assess the risk of metal and metalloid exposure in populations living in former conflict zones in Croatia, identify other mechanisms of metal exposure in these and other populations of Croatia, and lead to the development and implementation of preventive and corrective measures. 
